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The application of laser cleaning methodologies to light-sensitive
substrates such as those encountered in artistic paintings is an extremely
delicate issue. The cleaning of paintings and polychromes is an
irreversibly invasive intervention; therefore, prior to the implementation
of laser cleaning methodologies, a thorough characterization of the
interaction between laser pulses and painting components is required. In
this work, the modifications induced by irradiation with pulses of 150
picoseconds (at 1064 and 213 nm) and 15 nanoseconds (at 213 nm) on
unvarnished aged model egg-yolk-based paints were examined following a
spectroanalytical approach. Laser-induced chemical changes on samples
of unpigmented and widely used artist’s pigment temperas were
investigated by spectrofluorimetry and Fourier transform Raman
spectroscopy, while color changes were quantified by colorimetry.
Noticeable modifications of the Raman and fluorescence bands attributed
to pigments are absent except for vermillion, for which the pigment bands
tend to disappear upon irradiation at 1064 nm. Interestingly, no
discoloration was observed on most of the pigments upon irradiation at
213 nm (150 ps), including the light-sensitive vermillion, while no
indications of carbonization or charring of the paint layers, which could
give rise to amorphous carbon bands, were obtained at any of the
irradiation conditions explored. Comparison of the results using the two
different pulse durations and wavelengths illustrates the participation of
mechanisms of diverse origin according to the chemical composition of the
pigment and highlights the importance of the optimization of the laser
parameters, specifically fluence, pulse duration, and wavelength, in
conservation treatments of paintings.
Index Headings: Spectroanalytical techniques; Tempera paintings; Laser
cleaning of artworks; Art conservation.
INTRODUCTION
The sensitivity of most pigments to laser irradiation is an
important drawback for the wide application of laser
technology in the field of paintings conservation. The intense
and profound discoloration that occurs upon direct exposure to
laser radiation is a significant problem that has concerned the
scientific community since the earliest implementations of laser
cleaning applications.1 Laser-induced discoloration mostly
refers to darkening, or in the worst case scenario (i.e., in the
case of HgS, vermillion), even to intense blackening of the
paint surface. The issue of discoloration, together with
difficulties related to the cost and the need for optimization
procedures and adequate training, often overtake the unique
attributes of lasers as cleaning tools (control, spatial confine-
ment, and selectivity) and are responsible for the delay of their
broad use in the field.
Since the mid-1990s, extensive studies have been dedicated
to the understanding of the phenomena associated with laser-
induced pigment discoloration spanning a wide range of
commonly used pigments (vermillion, lead pigments, copper
pigments, etc.) both in raw form or with various binding media
(oils, temperas, etc.). The investigated laser wavelengths vary
from the ultraviolet (UV) region to the visible and infrared
(IR). It has been shown that darkening of the pigment particles
occurs in all the investigated wavelengths,2–14 while both the
raw material2 and the mixture of the pigment and binding
media are affected.1 Furthermore, it has been observed that the
extent of the induced discoloration may vary according to the
composition of the pigment or the irradiation parameters.
Indeed extremely light-sensitive pigments such as vermillion
are found to discolor even at very low fluence values in all
wavelengths studied, while others, such as verdigris, seem to
be laser insensitive.2,3
Although laser-induced thermal effects have been considered
initially to explain the discoloration, surface-specific studies
(i.e., X-ray photoelectron spectroscopy, XPS)2,4,7 have detect-
ed reduced states of pigment compounds on the irradiated
surface and thus reduction mechanisms have also been
considered. To strengthen this hypothesis, the reversal of the
discoloration in oxygen-rich environments and detection of
oxidized laser-induced products for the reversed lead pigments
were reported.2,14
Spectroanalytical techniques have proven to be useful to
assess the modifications induced by laser irradiation on
different materials of interest in Cultural Heritage.3,7,15–18 In
this study, the laser-induced physical and chemical modifica-
tions of pigments are reassessed on the basis of new advances
in laser technology by monitoring these modifications using
spectroscopic techniques. Ultra-short pulses and a wider range
of wavelengths, greater than the ones previously investigated,
are considered here with the aim to understand the phenomena.
Indeed, the use of ultra-short laser pulses of picosecond (ps)
and femtosecond (fs) pulse duration, which have been recently
introduced in the field,17–23 has proven to offer significant
advantages over nanosecond (ns) laser pulses. This is due to the
minimization of photo-thermal, photo-mechanical, and photo-
chemical phenomena, the possibility of processing of even
nominally transparent substrates, and the optimization of
morphological aspects (to avoid melting, bubbling, crack
formation, etc.). Thus, ultra-short lasers overcome several of
the limitations of the existing laser cleaning methodologies
based on nanosecond or longer pulses.2–14 More specifically,
initial studies on tempera paints using pulses of 120 fs at 795
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nm17,18 have shown that a high degree of control may be
achieved in comparison to using pulses of 25 ns at 248 nm.3
In this work, unvarnished vermillion (Ver), lead chromate
(PbC), zinc white (ZnO), and unpigmented (Unp) model egg-
yolk paints were irradiated with pulses of 150 picoseconds (at
213 and 1064 nm) and 15 nanoseconds (at 213 nm). These
pigments, used in the artistic painting practice, were selected
due to their well-known fluorescence band emissions. Also,
previous laser irradiation studies have been carried out on these
systems with excimer lasers at 248 nm (pulses of 25 ns),3,6
different wavelengths of Nd:YAG lasers (pulses of 6 ns),4,11
and Ti:Sapphire lasers at 795 nm (pulses of 120 fs),17,18
providing data for comparison with the present irradiation
conditions. Spectroanalytical techniques chosen to assess the
physical and chemical modifications are colorimetry, spectro-
fluorimetry, and Fourier transform (FT) Raman spectroscopy.
In this work, the role of the irradiation wavelength and the
pulse duration are discussed on the basis of physical and
chemical modifications induced upon irradiation of egg-yolk-
based paint layers.
EXPERIMENTAL
Samples Description. The samples used for this investiga-
tion consist of unvarnished egg-yolk-based tempera paint
(hereafter tempera paints) applied on white panels consisting of
a commercial card substrate primed with a mixture of chalk and
gypsum. The samples were prepared according to the
procedure described elsewhere.3 The pigments were previously
mixed with egg yolk using a spatula and a glass plate and the
paint layer was applied on the primed panels by using a
stopping knife. The resulting paint layer thickness was around
100 lm. The samples were naturally aged for a period of five
years in the dark. Three different pigments widely used in
artistic painting practice with various chemical characteristics
were selected. These are vermillion (HgS), a traditional red
pigment, and lead chromate (PbCrO4) and zinc white (ZnO),
yellow and white modern pigments. They were purchased from
Aldrich (vermillion and lead chromate) and Fluka (zinc white).
Samples of unpigmented tempera (egg yolk) were also
prepared to perform a comparison with results obtained from
the binding medium itself.
Laser Irradiation. Laser irradiation of the unvarnished
tempera samples was carried out using two Nd:YAG laser
systems. Pulses of 150 ps at 1064 and 213 nm (fundamental
and fifth harmonic) were delivered by an EKSPLA, SL-312
system, while pulses of 15 ns at the fifth harmonic (213 nm)
were produced by a Lotis II, LS-2147 system. To process the
samples, both lasers delivered pulses at 1 Hz with Gaussian
profiles.
Irradiation tests were performed on a single-spot basis for
various fluence values in order to determine ablation and
discoloration thresholds, as well as on a scanning basis in order
to achieve a homogeneously irradiated area on which further
analysis could be performed. Once the ablation and discolor-
ation thresholds were determined for each tempera paint at the
two irradiation wavelengths and the pulse durations studied, a
set of fluence values ranging below and well above the ablation
threshold fluences (see Results section) was chosen for the
scanned areas.
The irradiated surfaces (approximately 10 3 10 mm2)
resulted upon scanning of the beam (focused by a cylindrical
planoconvex quartz lens of f¼ 150 mm to a spot about 103 1
mm2) along its largest spot dimension, with a 5% overlap
between successive pulses. The fluence was modified by using
a high energy variable dielectric attenuator (LaserOptik). Table
I indicates the irradiation conditions used to create the different
irradiated areas while Fig. 1 shows images of the areas created
on the tempera paints by irradiation at 1064 and 213 nm (with
pulses of 150 ps).
Analytical Techniques. Physicochemical changes induced
by laser irradiation were assessed by using a combination of
spectroanalytical techniques. Spectrocolorimetry served to
measure the change of color, while spectrofluorimetry and
FT-Raman spectroscopy provided information on chemical
modifications induced on the irradiated surfaces.
A Minolta CM 2002 spectrocolorimeter served to measure
the chromatic properties of the samples and specifically the
changes induced by laser irradiation. The observation area was
circular and 1 cm in diameter. Five spectra were obtained in
each zone and averaged to obtain one data point. The CIE-Lab
color space was used to measure color shifts expressed in three
variables, namely, DL* (positive values indicate lighter and
negative values darker hues), Da* (positive values indicate
shift to red and negative values shift to green), and Db*
TABLE I. Irradiation conditions of tempera paints. F and Fth indicate
the fluence used to create the irradiated areas and the ablation threshold
measured for each system, respectively. DE* indicates the overall color
change.
Pigment Wavelength and
pulse duration
F (mJ/cm2) F/Fth DE*
Unpigmented 213 nm, 15 ns 234 0.52 2.0
472 1.05 2.7
900 2.00 3.2
213 nm, 150 ps 33 0.13 1.8
80 0.32 2.3
405 1.62 1.7
1064 nm, 150 ps 280 0.35 8.3
570 0.71 14.6
705 0.88 17.6
1500 1.88 -
Vermillion 213 nm, 15 ns 215 0.83 1.4
431 1.66 3.1
520 2.00 3.5
213 nm, 150 ps 20 0.12 1.2
50 0.31 2.5
250 1.56 3.0
1064 nm, 150 ps 60 0.15 29.8
120 0.30 35.0
260 0.65 35.4
500 1.25 40.6
Lead chromate 213 nm, 15 ns 125 0.50 1.2
292 1.17 2.8
500 2.00 8.0
213 nm, 150 ps 3 0.02 1.2
30 0.20 3.3
160 1.06 10.0
1064 nm, 150 ps 64 0.16 5.3
144 0.36 13.2
445 1.11 19.8
Zinc white 213 nm, 15 ns 153 0.64 0.3
309 1.29 0.6
480 2.00 0.6
213 nm, 150 ps 32 0.18 0.9
72 0.40 0.8
144 0.80 1.7
1064 nm, 150 ps 133 0.35 4.1
216 0.57 4.9
250 0.66 6.7
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(positive values indicate shift to yellow and negative values
shift to blue). The magnitude of the overall color change is
given by DE* ¼ [(DL)2 þ (Da)2 þ (Db)2]1/2.
Spectrofluorimetric measurements were performed with a
scanning Jobin-Yvon (FluoroMax-4) system with excitation
provided by a Xenon arc lamp. The scanning was carried out
with an integration time of 0.2 s per point in intervals of 1 nm
and excitation/emission spectral slits of 2.5 nm. All the samples
were analyzed at 308 from the sample axis. The emission
spectra presented were taken with an excitation wavelength of
350 nm.
Fourier transform Raman spectra were recorded with an RFS
100/S-G Bruker spectrometer equipped with a cooled Ge
detector. The excitation source consists of a Nd:YAG laser
emitting at 1064 nm. Low laser power outputs, in the range of
10–20 mW, were used to prevent damage to the samples. The
light scattered from an area of ,0.01 cm2 was collected in
backscattering (or 1808) geometry. Each data point was the
FIG. 1. Tempera paint samples with zones irradiated at different fluences with 150 ps pulses: (a) unpigmented, (b) vermillion, (c) lead chromate, and (d) zinc white
(numbers near irradiated zones correspond to F/Fth). Irradiation conditions are given in Table I. The upper and lower rows display areas irradiated at 1064 and 213
nm, respectively.
TABLE II. Ablation and discoloration (in parentheses) thresholds in mJ/cm2 for the treated tempera paints. The estimated errors are around 10%.
Wavelength Pulse duration Unpigmented Vermillion Lead chromate Zinc white
213 nm 15 ns 450a 260a 250 (60) 240a
150 ps 250a 160a 150 (50) 180a
1064 nm 150 ps 800a 400 (70) 400 (80) 380a
a No discoloration observed.
 A color version of this figure is available in the electronic edition of the
Journal, available on-line at http://www.s-a-s.org.
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result of the accumulation of 200 scans. The wavenumber
resolution was 8 cm1.
RESULTS
Discoloration and Ablation Thresholds. The threshold of
discoloration could only be determined for vermillion and lead
chromate paints, as the color of unpigmented and zinc white
systems remains unaltered under laser irradiation in all
explored conditions. The discoloration thresholds were deter-
mined by measuring the energy at which darkening of the
irradiated area is observed under the optical microscope and are
reported in Table II. On the other hand, ablation thresholds
were calculated by applying the spot regression method.24
Irradiation tests were performed on a single spot basis for
various fluence values in order to determine the ablation
thresholds of each system. For laser pulses with a Gaussian
spatial beam profile, the maximum laser fluence, F, on the
sample surface and the diameter, D, of the ablated area are
related by D2¼ 2x0ln (F/Fth), where x0 is the 1/e2 radius of the
Gaussian beam distribution and Fth is the ablation threshold.
The fluence at the target surface is calculated using the
Gaussian beam radius and is related to the pulse energy by
F ¼ E=px20 (E, laser energy). The diameter of the ablated area
was determined as observed by optical microscopy. From a
plot of D2 versus ln E, Fth and x0 can be determined. As an
example, Fig. 2 shows the dependence of D2 with ln E upon
irradiation with a single pulse of 1064 nm (150 ps) of
vermillion and lead chromate systems.
Ablation thresholds of the different paint systems are
reported in Table II. It is observed that the thresholds of the
pigmented systems are lower than those of the unpigmented
tempera due to the fact that the effective absorption of the paint
layer increases in the presence of a pigment. At a fixed
wavelength (213 nm), the fluence ablation thresholds are
reduced by a factor of 1.3–1.8 when using shorter pulses of 150
ps. It is also observed that the ablation thresholds of the
different systems are higher at 1064 nm than at 213 nm, due to
the increase of the effective absorption of both the binding
medium and the used pigments upon irradiation in the UV
region.3,6,25
FIG. 2. The squared diameter, D2, of the modified area versus the logarithm of
laser pulse energy, for a single laser pulse of 150 ps at 1064 nm (circles for
vermillion and triangles for lead chromate).
TABLE III. CIEL*a*b* colorimetric coordinates of the reference (non-
irradiated) areas of the treated samples.
Tempera paint L* a* b*
Unpigmented 78.9 6.3 47.1
Vermillion 46.9 42.2 28.3
Lead chromate 70 26.7 67.3
Zinc white 91.5 0.06 17.1
FIG. 3. Values of DE* as a function of fluence for irradiation at: (a) 213 nm,
15 ns, (b) 213 nm, 150 ps, and (c) 1064 nm, 150 ps; squares for unpigmented,
circles for vermillion, triangles for lead chromate, and asterisks for zinc white.
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Colorimetry. Colorimetric measurements were performed
on the different non-irradiated and irradiated tempera paint
areas. Table III indicates the colorimetric coordinates of the
non-irradiated areas of the different samples while Fig. 3
displays the values of DE* (also listed in Table I) as a function
of the irradiation fluence, with values below and above the
ablation threshold of the different treated samples.
The overall color change of the paints irradiated at 213 nm
with 150 ps and 15 ns pulses is limited in the explored fluence
range, with values of DE*  10 (Figs. 3a and 3b). Close
investigation under the optical microscope indicated that, with
the exception of lead chromate, the measured DE* is mainly
due to efficient and confined laser ablation of the painted
surface (resulting in thinning of the paint layer), rather than
discoloration or any other damage, thus implying an effective
and controlled ‘‘layer-by-layer’’ paint removal. On the other
hand, the discoloration induced in lead chromate by irradiation
with 213 nm, 150 ps pulses at a fluence of 1.06Fth is DE*¼ 10
and the main color shift is due to changes in Db* (7, shift to
bluer) and DL* (6, shift to darker).
Picosecond irradiation at 1064 nm (Fig. 3c) of the vermillion
and lead chromate paints yields high values of DE* even at
fluences below the ablation thresholds (Fth). For vermillion,
overall color changes of DE* ¼ 35 and 40 were measured in
areas irradiated at fluences of 0.65Fth and 1.25Fth, respectively.
Under irradiation below the ablation threshold, we observed
darkening of the red color and above the threshold, the pigment
acquires a grey metallic aspect. For this pigment the main color
shift is due to changes in Da* (33, shift to greener), Db*
(19, shift to bluer), and DL* (11, shift to darker) measured at
a fluence of 1.25Fth. For the lead chromate based paint,
irradiation at 1064 nm induces an appreciable degree of
discoloration both at fluences below and above the ablation
threshold (DE*¼ 13 and 19 for fluences of 0.36Fth and 1.1Fth,
respectively). In this case, the pigment shifts to the green and
blue colors and becomes darker.
The irradiation of the unpigmented and zinc white tempera
paints with pulses of 150 ps at 1064 nm results in different
discoloration degrees with maximum measured values in the
explored fluence range of DE* to be 17 and 5, respectively.
However, examination under the optical microscope indicates
that in these systems the observed discoloration is due to color
changes induced in the underlying panel, which most probably
absorbs a significant part of the applied radiation, which is
transmitted by the paint layer while its color remains unaltered.
This fact is further confirmed in Fig. 1a, on the area irradiated
at 1.88Fth, where the unpigmented tempera layer has been
ablated away revealing the underlying darkened panel.
FIG. 4. Normalized fluorescence spectra taken at non-irradiated and laser irradiated areas of tempera paints: (a) unpigmented, (b) vermillion, (c) lead chromate, and
(d) zinc white. The spectra were taken with 2.5 nm resolution at the excitation wavelength of 350 nm.
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Spectrofluorimetry. The fluorescence spectrum of the
unpigmented system consists of a broad feature extending
from 375 to 650 nm (Fig. 4a). This wide emission is the result
of the contribution of different fluorophores that participate in
the composition of egg yolk.26–28 Upon excitation at 350 nm,
the fluorescence from the three amino acids of proteins,
tyrosine, tryptophan, and phenylalanine, is not excited, as this
wavelength is above their absorption maxima. Therefore, the
contribution of these compounds to the observed fluorescence
band can be ruled out. In fact, in the region below 500 nm, the
emission is due to the products of photo-oxidation, combina-
tion, and modification of amino acids, such as dityrosine, 3,4-
dihydroxyphenylalanine (DOPA), or N-formylkynurenine
(NFK) and kynurenine.28–32 Dityrosine, a dimeric species of
tyrosine, has an emission maximum at 410 nm,28 while DOPA,
another photo-oxidation product of tyrosine, has a character-
istic emission at 480 nm.29,30 NFK and kynurenine are
products of the oxidation of tryptophan and emit at around
435 nm.31,32 At longer wavelengths, above 520 nm, phospho-
lipids are the main species that contribute to the fluorescence
emission observed.29
Fluorescence spectra of the unpigmented paint recorded on
areas irradiated at 213 (with pulses of 150 ps and 15 ns) and
1064 nm (with pulses of 150 ps), as shown in Fig. 4a, reveal
the changes induced by laser irradiation. Together with a slight
overall decrease of the fluorescence signal, a relative increase
of intensity in the region of 400–480 nm is observed, indicating
the corresponding increase of photodegradation products
emitting in this region.
Figure 4b shows the fluorescence spectra recorded in areas
of the vermillion system, which are mainly pictured by two
broad bands. The first one, in the region from 375 to 525 nm, is
attributed to the binding medium, while the second one,
centered at 607 nm, is assigned to luminescence of the HgS
semiconductor.3,6 Irradiation in the UV at 213 nm with pulses
of 150 ps or 15 ns does not modify the emission spectra.
However, irradiation at 1064 nm in the ps regime results in the
decrease of the emission corresponding to the pigment at
fluences below the ablation threshold and eventually its
disappearance above the ablation threshold, indicating that
the pigment is chemically degraded upon laser irradiation at
this infrared wavelength. Contrary to what is observed in the
unpigmented system at this wavelength, the fluorescence band
of the binding medium in the painting mixture remains
unaltered, due to the high absorption of laser light by the
vermillion pigment, which prevents the photo-oxidation of the
compounds constituting the binding medium.
The fluorescence spectra recorded in non-irradiated areas of
lead chromate tempera shown in Fig. 4c also contain two
bands. The broad one, ranging from 375 to 525 nm (not
displayed in the figure), is again attributed to the binding
medium and the intense narrow one centered at 557 nm (Fig.
4c) is assigned to the lead chromate pigment (emission due to
the chromate ion chromophore, CrO4
2-).3,6 No changes were
observed for this paint system upon irradiation at 213 nm (with
pulses of 150 ps and 15 ns) or 1064 nm (with pulses of 150 ps),
even with fluences above the ablation threshold.
For zinc white tempera (Fig. 4d), the very intense narrow
band at 385 nm is attributed to the luminescence induced in the
semiconductor ZnO and the broad band in the 400–650 nm
region has contributions both from the semiconductor (green
band)33 and the binding medium (egg yolk).18,30 Spectra
recorded in the irradiated areas, at 213 nm (150 ps and 15 ns)
and 1064 nm (150 ps), reveal a relative increase of the band at
400–650 nm. This increase should not be ascribed to a loss of
ZnO pigment, because the intensity of the main band of the
semiconductor at 385 nm remains unaltered. Assuming that the
second band follows the same behavior, a slight photo-
oxidation of the binder can be responsible for this relative
increase in the intensity.
FIG. 5. FT-Raman spectra taken at non-irradiated and laser irradiated areas of
tempera paints: (a) unpigmented, (b) vermillion, and (c) lead chromate. The
spectra were taken with 8 cm1 resolution at the excitation wavelength of 1064
nm.
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Fourier Transform Raman Spectroscopy. Figure 5 shows
the FT-Raman spectra of the paint systems once the spectrum
of the underlying panel (measured on reference samples) was
adequately subtracted. Figure 5a displays the spectra of the
unpigmented system, showing the characteristic bands of
tryptophan at 767 and 873 cm1, the amino acid phenylalanine
at 1003 cm1, the methylene groups of lipids and amino acids
at 1302 and 1445 cm1, the amide III and amide I of the
proteins backbone at 1240 and 1656 cm1, the C¼O stretching
at 1744 cm1 assigned to fatty acid esters, and the aliphatic
compounds in the 2750–3100 cm1 region (assigned to the
m(C–H) mode).34–38
Irradiation at 213 nm (either with pulses of 150 ps or 15 ns)
of the unpigmented tempera induces a slight decrease in the
intensity of bands in the 600–1750 cm1 region (Fig. 5a), in
particular those assigned to tryptophan, phenylalanine, amide
III and I, and fatty acid esters. However, a mild increase in the
intensity of aliphatic compounds (2750–3100 cm1 region) is
observed. Irradiation at 1064 nm (150 ps) induces similar
effects to those detected after irradiation at 213 nm. The
decrease in the intensity of the bands in the region from 600 to
1750 cm1 is indicative of the degradation of amino acids as
previously concluded after spectrofluorimetric measurements.
The modifications induced by laser irradiation of the
vermillion paint at 213 nm (with pulse duration of 150 ps
and 15 ns), as reported in Fig. 5b, show an insignificant
decrease in the intensity of the pigment bands observed at 252,
282, and 343 cm1.39 However, irradiation at 1064 nm (150 ps)
induces the total disappearance of the pigment bands. This fact
was again observed by spectrofluorimetry and interpreted as
arising from the degradation of the pigment.
Fourier transform Raman spectra of the lead chromate
tempera do not show significant modifications upon laser
irradiation at 213 nm (150 ps and 15 ns) and 1064 nm (150 ps)3
in the position and intensity of the pigment bands, observed
between 338 and 403 cm1 and at 839 cm1 (Fig. 5c). The zinc
white system behaves similarly, in correspondence with the
absence of modifications of pigment fluorescence bands.
No bands of the binding medium were observed in the FT-
Raman spectra of the pigmented systems except those
corresponding to the aliphatic compounds in the 2750–3100
cm1 region, assigned to the m(C–H) mode (not shown in the
spectra).
DISCUSSION
The results presented above obtained under different laser
irradiation conditions can be discussed in reference to previous
results,3,6,17,18 although care should be taken when comparing
with those obtained on samples prepared with different binding
media and under different aging conditions.4,13 In particular, in
previous works, samples similar to the ones treated here were
irradiated with KrF excimer laser pulses (248 nm, 25 ns)3,6 and
with a Titanium:Sapphire laser (795 nm, 120 fs).17,18
As already mentioned, the ablation thresholds of the
unpigmented paint, measured at 213 and 1064 nm (pulses of
150 ps and 15 ns), are higher than those of the pigmented
temperas. This fact is related to the higher effective
multiphoton absorption in the presence of the different
pigments. A similar effect was observed upon irradiation at
248 nm, 25 ns,3 and 795 nm, 120 fs.18 The differences in
ablation thresholds observed by irradiating in the UV or IR
regions can be explained on the basis of the high absorption
coefficient of the binding medium (unpigmented) in the UV (k
 290 nm).25 Still, it should be noted here that ablation in the
longer pulse regime (ns) may be affected by the presence of the
underlying panel. The panel may absorb part of the incident
radiation (i.e., 1064 nm), and thus unexpected collateral
removal mechanisms40 (i.e., the spallation effects observed in
Fig. 1a) may be induced. As a result of these side phenomena,
the interpretation of the observed results may be easily misled
and the determination of the critical thresholds may not be
correct. Therefore, towards an independent study and approach,
further experiments on raw pigments are undertaken, which are
expected to clarify these issues.
The colorimetric, spectrofluorimetric, and FT-Raman mea-
surements provide the basis for discussion of the chemical
changes induced on the different tempera paints at the two
irradiation wavelengths and pulse durations. As mentioned,
enhanced photodegradation of compounds of the egg-yolk-
based binder, mainly dityrosine, DOPA, NFK, and kynurenine,
is observed. However, in the pigmented temperas, the
fluorescence bands of the binding medium remain unaltered
due to preferential absorption of laser light by the pigment
related chromophores, which prevents photo-oxidation of the
binding medium components. Irradiation at 248 nm (25 ns) and
795 nm (120 fs) of this type of sample3,6,17,18 yielded a similar
effect of preservation of the binding medium in the presence of
the pigment. The reduced extent of changes in the spectro-
scopic properties of the binding medium in the pigmented
samples gives further indication of the stability of the binder in
combination with the different studied pigments. These results
provide strong evidence of the prominence of a photochemical
mechanism upon laser irradiation at 213 nm (150 ps and 15 ns),
with minor contribution of further thermal effects on the
surface of the samples due to the high absorption coefficient of
the binding medium at this wavelength (2550 cm1).25 Further
evidence of the reduced contribution of a thermal mechanism at
213 nm is the absence of carbonization or charring, which in
contrast does occur at 248 nm as observed by the appearance of
Raman bands characteristic of amorphous carbon.3
The effect of laser irradiation on the pigmented systems
under the conditions of this work is extremely dependent on the
composition of the pigment itself. This fact is well illustrated
by the comparison of the characteristic spectral features of
vermillion and lead chromate in the spectrofluorimetry and FT-
Raman results. Strong discoloration in the former accompanied
by the disappearance of the pigment bands is in contrast with
the slight discoloration and unaltered spectral bands in the
latter.
The limited color changes (DE*  3.5) observed upon
irradiation at 213 nm (150 ps and 15 ns) on the vermillion
system are in contrast with those measured upon irradiation at
1064 nm (150 ps), 248 nm (25 ns),3,6 and 795 nm (120 fs).18
These differences can be ascribed to differences in the
absorption coefficient of the binding medium (2550, 1000,
and 100 cm1 at 213, 248, and 795 nm, respectively),25
resulting in preferential channeling of the laser energy to the
latter at shorter wavelengths.
Possible mechanisms of darkening of the vermillion pigment
have been the subject of various studies. The detection of traces
of black cubic system (a0-HgS) by X-ray diffraction (XRD)
upon ns laser irradiation (1064 nm, 6 ns) suggested the
formation of black meta-vermillion.5 However, XPS measure-
ments performed on samples irradiated with pulses of 1064 nm,
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6 ns, have detected a significant increase of the Hg/S ratio,
which has been attributed to the reduction of HgS to form the
darker compound Hg2S.
2,8 Furthermore, imaging secondary
ion mass spectrometry (SIMS) data suggest that under
irradiation, vermillion reacts with the halogen impurities
present in the pigment and results in the formation of black
metallic mercury Hg(0) and white mercuric chloride HgCl2.
41
As the bands of this compound are absent in the Raman spectra
of the vermillion system, the contribution of this mechanism to
the alteration of this paint should be minor and, therefore, the
results obtained upon irradiation of vermillion at 1064 nm, 150
ps, could be attributed mainly to the participation of the two
initially mentioned mechanisms. These results also give strong
evidence of the small influence of the pulse duration when this
pigmented system is irradiated with infrared wavelengths. In
contrast, upon irradiation in the UV region, the extent of
induced effects is strongly dependent on the absorption
coefficient of the binding medium. Upon UV irradiation, and
in the presence of strongly absorbing binder, damage to
pigments is prevented.
On the other hand, the effect of discoloration observed for
the lead chromate system at 213 nm (150 ps and 15 ns) and
1064 nm (150 ps) is in agreement with previous observations
obtained by irradiation at 248 nm, 25 ns,3,6 and at 1064 nm, 6
ns.13 This indicates that even in the presence of a UV absorbing
binder, high absorption of laser light by the pigment related
chromophore takes place and, hence, the induced discoloration
observed in this pigment. Previous XPS measurements
performed on lead chromate showed that 248 nm, 25 ns, laser
irradiation induces a noticeable decrease in the CrO4
2-/Cr3þ
ratio,3,6 which indicates the formation of chromium (III) oxide
(Cr2O3). Oxide formation by reduction of the original lead
chromate could explain the color shift to grey-green as
observed by colorimetry.
The differences reported concerning the behavior of the
three studied pigmented systems are directly related to
differences in the light absorption properties of the pigment
chromophore,3,42,43 HgS and ZnO semiconductors for vermil-
lion and zinc white, respectively, and the CrO4
2- ion for lead
chromate, to their chemical composition and to their sensitivity
to oxidation or reduction.
CONCLUSION
The combined use of several spectroanalytical techniques
has served to characterize the physical and chemical effects
induced by laser irradiation at 213 nm (pulses of 150 ps and 15
ns) and at 1064 nm (pulses of 150 ps) of different aged and
unvarnished tempera paint systems (unpigmented, vermillion,
lead chromate, and zinc white). Various degrees of discolor-
ation and chemical changes were observed at the two
irradiation wavelengths. The differences are attributed mostly
to differences in the absorption coefficients of the binding
medium (2550 cm1 at 213 nm and negligible at 1064 nm) and
less importantly to the pulse duration (150 ps versus 15 ns).
The chemical changes induced in the binding medium,
monitored by spectrofluorimetry and FT-Raman, are mainly
due to photodegradation of the proteins and lipids of egg-yolk
binder. It was also observed that the extent of chemical change
in the binding medium is reduced in the presence of the
pigments due to the effective absorption of the laser pulse
energy by the pigment component of the mixture. The
vermillion system behaves differently at the two studied
wavelengths; the pigment features (fluorescence and FT-
Raman bands) remain unaffected upon irradiation at 213 nm
and disappear under irradiation at 1064 nm. Lead chromate is
discolored at all studied irradiation conditions (213 nm at 150
ps and 15 ns and 1064 nm at 150 ps), with more intense
modifications induced by IR irradiation. Finally, zinc white is
rather insensitive to laser irradiation under the conditions of
this work. In all systems studied, extra bands attributed to
amorphous carbon, indicative of carbonization and charring,
are absent, in agreement with previous observations upon
irradiation with 795 nm, 120 fs pulses, and in contrast with
irradiation with 248 nm, 25 ns pulses. This study gives further
insight into the mechanisms taking place in the interaction at
the outermost surfaces during the laser cleaning of paintings.
More work is in progress on a larger range of pigmented egg-
yolk-based temperas using short laser pulses also in the
femtosecond range. In particular, work aiming at studying the
laser–pigment interaction, using the raw pigments, will provide
a better understanding of the mechanisms involved.
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